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The measured masses and strong decays of Λb(6146)
0 and Λb(6152)
0 required us to decode them as the 1D
excited states with JP = 3/2+ and JP = 5/2+, respectively. Under the suggested assignment, the masses and
total decay widths of Λb(6146)
0 and Λb(6152)
0 can be explained. As a JP = 3/2+ state, the Λb(6146)
0 should
mainly decay into Σb(5815)π. However, this theoretical result is in contradiction to the measurement since no
significant Λb(6146)
0 → Σb(5815)±π∓ signals were observed by the LHCb. The possible explanations to this
difficulty are mentioned. For completeness, we present the prediction of masses and decay widths of other
unseen 1D bottom baryons in this work. Our results could provide some important clues for the upcoming
experiments.
PACS numbers: 12.39.Jh, 13.30.Eg, 14.20.-c
I. INTRODUCTION
Single heavy baryons occupy an important position in the
hadron’s jigsaw puzzle since chiral symmetry and heavy quark
symmetry (HQS) can provide some qualitative insight into
their dynamics. So the investigation of single heavy baryons,
including the charm and bottom baryons, could be more help-
ful for improving our understanding of the confinement mech-
anism. With the experimental and theoretical efforts, the spec-
trum of both charm and bottom baryon families is being estab-
lished step by step [1]. Here, we briefly review some impor-
tant measurements of the excited charm and bottom baryons
by the different experiments in the past years.
In the Λ+c sector, a new resonance, denoted as Λc(2860)
+,
was discovered by the LHCb Collaboration [2]. The spin-
parity of Λc(2860)
+ was identified as 3/2+. In the same work,
the LHCb also confirmed the spin of Λc(2880)
+, which was
first measured by the Belle Collaboration [3]. Specifically,
the preferred spin of the Λc(2880)
+ state was found to be
J = 5/2. In addition, the first constraint on the spin-parity of
the Λc(2940)
+ state was performed in the same analysis [2],
where the Λc(2940)
+ was most likely a JP = 3/2− state. Belle
recently determined the isospin of Λc(2760)
+/Σc(2760)
+ and
disentangled the identity of this puzzling state [4]. Since no
evidence of Σc(2760)
++,0 was observed in the Σc(2455)
++/0π0
channels, there is now no doubt that the puzzling state around
2.76 GeV is a Λ+c state.
Experiments have also made a progress in the study of ex-
cited Ξc and Ωc states. The Ξc(3055)
+ and Ξc(3080)
+ were
first observed in the decay channel of ΛD+, and their relevant
ratios of branching fractions were also measured [5]. Five
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narrow Ωc states, denoted as Ωc(3000), Ωc(3050), Ωc(3065),
Ωc(3090), and Ωc(3120), were found by the LHCb Collabo-
ration [6] and were subsequently confirmed by the Belle Col-
laboration [7].
For the excited bottom baryons, the 1P Λ0
b
states, i.e.,
Λ0
b
(5912)0 and Λ0
b
(5920)0, were established by LHCb [8]
and CDF [9]. Last year, two bottom baryons, denoted as
Ξb(6227)
− [10] and Σb(6097)± [11], were first observed by
the LHCb Collaboration. Very recently, the LHCb Collab-
oration again announced their new discovery of two bottom
baryon states, the Λb(6146)
0 and Λb(6152)
0, by analyzing the
Λ0
b
π+π− invariant mass spectrum from pp collisions [12]. The
resonance parameters of these two states are listed below,
mΛb(6146)0 = 6146.17± 0.33 ± 0.22 ± 0.16 MeV,
mΛb(6152)0 = 6152.51± 0.26 ± 0.22 ± 0.16 MeV,
ΓΛb(6146)0 = 2.9 ± 1.3 ± 0.3 MeV,
ΓΛb(6152)0 = 2.1 ± 0.8 ± 0.3 MeV.
(1)
These newly observed single heavy baryons have motivated
a wide discussion and study of their inner structures [13]. In
the recent years, our group has also carried a systematic study
of the low-lying charm and bottom baryons, mainly including
the 2S and 1P states in the single heavy baryon family [14–
19]. In this work, we will further investigate the probable
assignment of the new Λb(6146)
0 and Λb(6152)
0 and try to
establish the 1D bottom baryons.
Heavy quark symmetry can provide us with some qualita-
tive insight of the Λb(6146)
0 and Λb(6152)
0 when we com-
pare them with the established Λ+c baryon states. At present,
the 1S , 1P, and 1D Λ+c baryons have been established [1]. As
shown later, the excited energies of Λb(6146)
0 and Λb(6152)
0
indicate that the 1D assignment is suitable for these two new
bottom baryons. The predicted masses and strong decays can
further test this assignment.
With the coming LHCb Upgrade I in 2020 [20], more and
more excited bottom baryons are expected to be discovered in
the near future. So it is necessary for us to systematically in-
vestigate the properties of the whole D-wave bottom baryons
2by including their mass spectrum and strong decay behaviors,
which can provide some valuable information for further ex-
periments to explore the excited bottom baryons.
The paper is organized as follows. In Sec. II, a brief review
of our theoretical methods will be presented, where the pa-
rameters will also be given for the reader’s convenience. We
decode the newly reported Λb(6146)
0 and Λb(6152)
0 as the
D-wave states in Sec. III, where the analysis of the mass spec-
trum and the investigation of strong decays will be presented.
For completeness, we will also predict the mass spectra and
strong decays of other D-wave bottom baryons in Sec. IV.
Finally, the paper ends with a discussion and conclusions in
Sec. V.
II. SCHEME OF THE QUARK POTENTIAL MODEL AND
THE QUARK PAIR CREATION (QPC) MODEL
Heavy quark symmetry plays an important role in the dy-
namics of a single heavy baryon system. In the heavy quark
limit, one heavy quark within the heavy baryon system is de-
coupled from two light quarks. Although heavy quark sym-
metry is broken due to the finite charm or bottom quark mass,
much evidence indicates that heavy quark symmetry is a good
approximation for the single heavy baryons.
FIG. 1: The so-called “ρ-mode” and “λ-mode” excitations in a single
heavy baryon system. The quarks q1 and q2 represent the light u, d,
and s quarks, while the Q3 quark refers to a heavy charm or bottom
quark.
Under the scenario of heavy quark symmetry, the dynam-
ics of a heavy baryon state could be well separated into two
parts [21]. As illustrated in Fig. 1, the degree of freedom be-
tween two light quarks (q1 and q2) is usually called “ρ-mode,”
while the degree between the center of mass of two light
quarks and the heavy quark is called “λ-mode.” If adopting the
ordinary confining potential like the linear or harmonic form
to depict the interaction of quarks, the excited energy of the ρ-
mode is higher than that of the λ-mode excitations [21, 22]. So
it seems to be easier for the experiments to detect the λ-mode
excited heavy baryons. The available theoretical investiga-
tions confirm the point that almost all observed single heavy
baryons could be explained as the λ-mode excited states.
In Refs. [18, 19], we assigned the Ξb(6227)
− and Σb(6097)±
as the P-wave λ-mode excited bottom baryons. In this work,
we also examine the possibility of Λb(6146)
0 and Λb(6152)
0
as the λ-mode excitations. Since two light quarks in a bot-
tom baryon are always in the ground state with the antitriplet
color structure, the λ-mode bottom heavy baryon can be sim-
plified as a quasi-two-body system, which means that the di-
quark could be an effective degree of freedom in these λ-mode
excited bottom baryons. To depict the interaction between the
light diquark and the bottom quark, the following Schro¨dinger
equation can be constructed,
(
− ∇
2
2mµ
− 4α
3r
+ br + C +
32ασ3
9
√
πmdimb
~sdi ·~sb
)
ψnL = EψnL.
(2)
Here, ~sdi and ~sb denote the spin of the light diquark and
the b quark, respectively. The reduced mass is defined as
mµ ≡ mdimb/(mdi + mb). The parameters α, b, and C stand
for the strength of the color Coulomb potential, the strength
of linear confinement, and a mass-renormalized constant, re-
spectively. The parameter σ comes from a Gaussian-smeared
contact hyperfine interaction between the light diquark and the
bottom quark. Since the spin of the light diquark in theΛb and
Ξb baryons is zero, the spin-spin contact hyperfine interaction
in Eq. (2) is only important to calculate the radially excited
Σb, Ξ
′
b
, and Ωb states. The values of the parameters which
have been given in Ref. [18] are also listed in Table I for the
reader’s convenience.
TABLE I: Values of the parameters for the bottom bayons in the non-
relativistic quark potential model where the mass of the b quark is
taken as 4.96 GeV. Here, mdi refers to the mass of different diquarks.
Parameters mdi (GeV) α b (GeV
2) σ (GeV) C (GeV)
Λb 0.45 0.20 0.112 − 0.265
Ξb 0.63 0.26 0.118 − 0.176
Σb 0.66 0.22 0.116 1.20 0.185
Ξ′
b
0.78 0.22 0.116 1.20 0.152
Ωb 0.91 0.26 0.120 1.07 0.120
By solving the Schro¨dinger equation, the spin-averaged
masses of these excited bottom baryons can be obtained.
When the spin-orbit and tensor interactions are incorporated,
all masses of D-wave λ-mode excited bottom baryons can
be calculated. Furthermore, the simple harmonic oscilla-
tor (SHO) wave function ψm
nL
= RnL(β,K)YmnL(K) is usually
adopted to construct the spatial wave function of the bot-
tom baryon states and other hadron states when one uses the
QPC model to calculate the strong decays of excited bottom
baryons. The SHOwave-function scale β is also fixed by solv-
ing the above Schro¨dinger equation. In other word, the param-
eters in the potential model and in the QPC decay model have
the same values except for the unique parameter γ of the QPC
model.
As mentioned above, we will use the QPC model to study
the strong decays of D-wave excited bottom baryons. For an
OZI-allowed decay process of a hadron state, the QPC model
assumes that a qq¯ pair is created from the vacuum and then
regroups into two outgoing hadrons by a quark rearrangement
process [23–25]. For a process “A → B +C,” the transition
matrix element in the QPC model is written as 〈BC|Tˆ |A〉 =
δ3(KB+KC)M jA, jB, jC (p) where the transition operator Tˆ reads
3as
Tˆ = − 3γ
∑
m
〈1,m; 1,−m|0, 0〉
"
d3kµd
3kνδ
3(kµ + kν)
× Ym1
(
kµ − kν
2
)
ω
(µ,ν)
0
ϕ
(µ,ν)
0
χ
(µ,ν)
1,−md
†
µ(kµ)d
†
ν(kν),
(3)
in a nonrelativistic limit. Here, the dimensionless parameter γ
describes the strength of the quark-antiquark pair created from
the vacuum. The ω
(µ,ν)
0
and ϕ
(µ,ν)
0
are the color and flavor wave
functions of the qµq¯ν pair created from the vacuum. Therefore,
ω
(µ,ν)
0
= (RR¯ +GG¯ + BB¯)/
√
3 and ϕ
(µ,ν)
0
= (uu¯ + dd¯ + ss¯)/
√
3
are color and flavor singlets. The χ
(µ,ν)
1,−m represents the pair
production in a spin-triplet state. When the mock state [26]
is adopted to describe the wave function of a hadron state,
the partial wave amplitudes MLS (p) can be obtained by the
following formula,
MA→B+CLS (p) =
√
2L + 1
2JA + 1
∑
jB , jC
〈L0S jA|JA jA〉
× 〈JB jB, JC jC |S jA〉M jA , jB, jC (p).
(4)
Here, p represents the momentum of an outgoing meson in
the rest frame of a meson A. The Ji and ji (i = A, B, and
C) denote the total angular momentum and the projection of
initial and final hadron states, respectively, and L denotes the
orbital angular momenta between the final state B and C. Fi-
nally, the partial width of A → BC can be obtained in terms
of the partial wave amplitudes
Γ(A → BC) = 2πEBEC
MA
p
∑
L,S
|MA→B+CLS (p)|2, (5)
in the A rest frame. Interested readers can consult Refs. [15,
16] for more details of our method.
III. DECODING Λb(6146)
0 AND Λb(6152)
0 AS THE D-WAVE
EXCITED STATES
The masses of 1D Λ0
b
baryons have been calculated in
our previous works [14, 19] and in Refs. [27–29]. The re-
sults in Refs. [14, 19] are in good agreement with the mea-
sured masses ofΛb(6146)
0 andΛb(6152)
0, while the predicted
masses from Refs. [27–29] are about 30−40 MeV larger than
the corresponding experimental results.1 Here, we should
point out that the authors in Refs. [28? , 29] adopted the same
parameters to predict the masses of whole heavy baryon states
including the bottom and charm baryons. In fact, the input pa-
rameters of the quark potential model could be slightly differ-
ent for the charm and bottom baryons. And, when considering
1 Themass of the groundΛ0
b
state was given as 5585 MeV in Ref. [27], which
is about 35 MeV below the Λb(5620)
0 state. If one shifts up the predicted
mass to match the measured mass of Λb(5620)
0 , then the predicted masses
of 1P and 1D Λ0
b
states in Ref. [27] are also about 30−45 MeV larger than
the measurements [8, 9, 12].
the uncertainties of the quark potential model, the results pre-
sented in Refs. [27–29] do not contradict the 1D assignment
to Λb(6146)
0 and Λb(6152)
0.
In this work, we also give a semiquantitative analysis to il-
lustrate the possibility of Λb(6146)
0 and Λb(6152)
0 as the 1D
Λ+c states. With the observations of Λc(2286)
+, Λc(2595)
+,
Λc(2625)
+, Λc(2860)
+, and Λc(2880)
+ states, the 1S , 1P, and
1D Λ+c baryons have been established by experiments [1].
In the Λ0
b
sector, the 1S and 1P states have also been es-
tablished [1]. By comparing with the excited energies of
Λc(2860)
+ and Λc(2880)
+, it is possible to further decode the
Λb(6146)
0 and Λb(6152)
0 as the 1D excited states.
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FIG. 2: The established Λ+c and Λ
0
b
states and the newly observed
Λb(6146)
0 and Λb(6152)
0 .
The mass gaps between the 1P/1S and 1D/1P states are
illustrated in Fig. 2 for the Λ+c and Λ
0
b
baryons. The mass
gap between the 1P and 1S Λ+c states, which we denote as
∆1P−1S (Λ+c ), is about 330 MeV. The gap between the 1D and
1P Λ+c states is about 256 MeV, i.e., ∆1D−1P(Λ
+
c ) ≈ 256 MeV.
Then, the ratio
ε(Λ+c ) =
∆1D−1P(Λ+c )
∆1P−1S (Λ+c )
=
256 MeV
330 MeV
= 0.776, (6)
is obtained. Similarly, the ratio of Λ0
b
states is given as
ε(Λ0b) =
∆1D−1P(Λ0b)
∆1P−1S (Λ0b)
=
232 MeV
297 MeV
= 0.781. (7)
Obviously, the ratios of ∆1D−1P/∆1P−1S , which are nearly
equal for the Λ+c and Λ
0
b
baryons, imply the similarity of dy-
namics between the charm and bottom baryons. The result of
ε(Λ+c ) ≈ ε(Λ0b) can be partly explained by the potential model.
For simplicity, we replace the Cornell potential in Eq. (2) by
the following confining potential,
V(r) = κrν, (8)
to depict the interaction between the light diquark and heavy
quark (c or b quark) in the single heavy baryon system. In this
way, the orbitally excited energy can be obtained analytically
as
EL = κ
2
ν+2
(
1
2mµ
) ν
ν+2
√πν
(
L +
3
2
)
Γ
(
1
ν
+ 3
2
)
Γ
(
1
ν
)

2ν
ν+2
, (9)
4by the Wentzel-Kramers-Brillouin (WKB) approach. Then
the ratio defined by Eqs. (6) and (7) can be given by
ε =
5
2ν
ν+2 − 7 2νν+2
3
2ν
ν+2 − 5 2νν+2
, (10)
which is independent of the parameter κ and the reduced mass
mµ. When the parameter ν is taken as 0.8 ± 0.2, the ε is pre-
dicted as 0.835 ± 0.035.
According to the above analysis, the new Λb(6146)
0 and
Λb(6152)
0 states could be treated as the partners of the
Λc(2860)
+ and Λc(2880)
+ in the bottom baryon family. Fur-
thermore, the mass splitting of Λb(6146)
0 and Λb(6152)
0,
which was measured as ∆m = 6.34 ± 0.32 ± 0.02 MeV, is
also consistent with the expectations of 1D Λ0
b
states [14, 29–
31]. So according to the measured masses, the Λb(6146)
0 and
Λb(6152)
0 states could be good candidates for D-wave bottom
baryons.
Thus, it is desirable to further test the D-wave assignment of
Λb(6146)
0 and Λb(6152)
0 by exploring their strong decays. A
method based on the QPC model (see Sec. II) has successfully
explained the strong decays of known bottom baryons [18, 19]
including the new Ξb(6227)
− and Σb(6097)± states. With the
same method and parameters, we calculate the strong decays
of theΛb(6146)
0 andΛb(6152)
0 and list the results in Table II.
TABLE II: Partial widths of strong decays of Λb(6146)
0 and
Λb(6152)
0 as the D-wave excited states (in MeV). The superscript
letters p and f mean that the corresponding decays occur via the p-
wave and f -wave, respectively.
Decay mode Λb(6146)
0 [3/2+ (1D)] Λb(6152)
0 [5/2+ (1D)]
Σb(5815) π 3.25
p 0.22 f
Σ∗
b
(5835) π 0.65p, 0.28 f 4.03p, 0.14 f
Total width 4.18 4.39
Expt. [12] 2.9 ± 1.3 ± 0.3 2.1 ± 0.8 ± 0.3
The total widths of Λb(6146)
0 and Λb(6152)
0 are obtained
as 4.18 MeV and 4.39 MeV when they are assigned as the
D-wave states with JP = 3/2+ and JP = 5/2+, respectively.
The predicted total widths of Λb(6146)
0 and Λb(6152)
0 are
comparable with the experimental measurements [12]. How-
ever, the LHCb announced that they did not observe signif-
icant Λb(6146)
0 → Σb(5815)±π∓ signals in their measure-
ments [12]. This experimental result seems to contradict the
theoretical results in Table II. The plausible explanations of
this contradiction are given as follows.
As almost degenerate states, the Λb(6146)
0 and Λb(6152)
0
have the same decay channels (see Table II). Then, the pos-
sible interference effects which were ignored in the LHCb’s
analysis [12] might be important to pin down the decay be-
haviors of Λb(6146)
0 and Λb(6152)
0. Another possible ex-
planation is that the mass inversion may occur for the 1D Λ0
b
states [32, 33]. That is to say, theΛb(6146)
0with smaller mass
should be the JP = 5/2+ state, while the Λb(6152)
0 should be
a JP = 3/2+ state. However, this assignment ofΛb(6146)
0 and
Λb(6152)
0 disagrees with the expectations given by the quark
potential models [27–29]. So more experimental and theoreti-
cal efforts are required for theΛb(6146)
0 andΛb(6152)
0 states
in the future.
IV. OTHER PREDICTED 1D BOTTOM BARYONS
The basis |sdi, Lλ, jdi, sb, J〉 including heavy quark symme-
try will be used in our scheme. Here, sdi and sb denote the
spins of the light diquark and bottom quark, respectively; Lλ
denotes the orbital quantum number between the light diquark
and the bottom quark. Then, we define ~jdi = ~sdi + ~Lλ and
~J = ~sb+~jdi. For the D-waveΛ
0
b
andΞ
0,−
b
baryons, jdi = Lλ = 2
since sdi = 0. For the D-wave Σ
0,±
b
, Ξ′0,−
b
, and Ω−
b
baryons,
jdi = 1 ⊗ 2 = 1, 2, and 3 with sdi = 1. For simplicity, we
denote these bottom baryons as |JP, 1D〉 jdi . Finally, we list the
abbreviated basis in Table III.
TABLE III: The abbreviated basis of D-wave bottom baryons.
Bottom baryons Basis
Λ0
b
, Ξ0,−
b
| 3/2+, 1D〉2 | 5/2+, 1D〉2
Σ
0,±
b
, Ξ′0,−
b
, Ω−
b
| 1/2+, 1D〉1 | 3/2+, 1D〉1 | 3/2+, 1D〉2
| 5/2+, 1D〉2 | 5/2+, 1D〉3 | 7/2+, 1D〉3
In practice, the mass of the b quark is not infinite. Then,
two physical baryons with the same spin-parity should be the
mixing states of |JP, 1D〉J−1/2 and |JP, 1D〉J+1/2. We take the
D-wave Σb baryons with J
P = 3/2+ as an example. In princi-
ple, two physical 3/2+ Σb baryons should be the mixing states
of |3/2+, 1D〉1 and |3/2+, 1D〉2,
( |3/2+, 1D〉H
|3/2+, 1D〉L
)
=
(
cos θ − sin θ
sin θ cos θ
) ( |3/2+, 1D〉1
|3/2+, 1D〉2
)
. (11)
Here, the physical JP = 3/2+ states are distinguished by their
different masses. Specifically, the states with the lower and
higher masses are denoted by the subscripts “L” and “H,” re-
spectively. Our practical calculations indicate that the mixing
effect is quite small for these D-wave bottom states with the
same JP. For simplicity, we could ignore these small mixing
effects and denote the physical states by the |JP, 1D〉 jdi basis
directly.
A. 1D Ξb baryons
Due to the approximate S U(3) flavor symmetry, the Λb and
Ξb states may have similar properties. With the observation
of Λb(6146)
0 and Λb(6152)
0, the 1S , 1P, and 1D Λb states
may have been established by experiments. Differently from
Λb, only the ground states, Ξb(5792)
0/Ξb(5797)
−, have been
observed in the Ξb sector [1]. With the running of LHCb, we
may expect the excited Ξb baryons to be observed in the near
future. The masses and decay properties of the 1P and 2S Ξb
states have been investigated in our previous work [18]. In
5the following, we give the predicted properties, especially, the
strong decay behaviors of the D-wave Ξb baryons.
The masses of two D-wave Ξb baryons with J
P = 3/2+ and
JP = 5/2+ were predicted as 6327 MeV and 6330 MeV, re-
spectively (see Fig. 2 in Ref. [18]). With the predictedmasses,
the partial and total decay widths obtained by the QPC model
are listed in Table IV.
TABLE IV: Partial widths of strong decays of the D-wave Ξb baryon
states (in MeV). The superscript letters p and f represent the cor-
responding decays occuring via the p-wave and the f -wave, respec-
tively.
Decay mode Ξb(6327) [3/2
+ (1D)] Ξb(6330)
0 [5/2+ (1D)]
Ξ′
b
(5935) π 0.39p 0.09 f
Σb(5815) K 1.73
p 0.00 f
Ξ∗
b
(5955) π 0.09p, 0.15 f 0.51p, 0.07 f
Σ∗
b
(5835) K 0.02p, 0.00 f 0.09p, 0.00 f
Total width 2.38 0.76
According to the results, the D-wave Ξb baryons seem to
be the narrow resonances. It is possible to find the 3/2+(1D)
Ξb baryon in the Ξ
′
b
(5935) π and Σb(5815) K channels, while
the 5/2+(1D) Ξb baryon might be found in the decay channel
of Ξ∗
b
(5955) π. A similar conclusion was also obtained by the
chiral quark model [34].
B. 1D Σb baryons
The masses of 1D Σb baryons have been predicted in our
previous works [18, 19] (see Fig. 1 in Ref. [19]). For clarity,
we list the predicted masses of 1D Σb and all other bottom
baryons together in Table V. According to the predictions, six
D-wave Σb baryons may exist in the region 6.29−6.40 GeV.
Then many decay channels are open for these high excited Σb
baryons.
TABLE V: Predicted masses of 1D Λb, Ξb, Σb, Ξ
′
b
, and Ωb baryons
(in MeV).
States |1/2+〉1 |3/2+〉1 |3/2+〉2 |5/2+〉2 |5/2+〉3 |7/2+〉3
Λb 6149 6153
Ξb 6327 6330
Σb 6400 6402 6358 6359 6291 6292
Ξ′
b
6486 6488 6456 6457 6407 6408
Ωb 6599 6602 6578 6580 6542 6543
The predicted partial and total widths of the D-wave Σb
baryons are presented in Table VI. In our calculation of strong
decays, if the final states have been found, we take the mea-
sured masses as inputs. Otherwise, we take the predicted
masses of the unknown final states as inputs. As shown in
Table VI, the |1/2+〉1, |3/2+〉1, |3/2+〉2, and |5/2+〉2 Σb states
might be broad since their decay widths are predicted around
100 MeV. So it is a challenge to search for them in experi-
ments. Differently from these states, the |5/2+〉3 and |7/2+〉3
Σb states are much narrower. Experimentalists may search
these two states in the Λb(5620)π,Λb(5912)π, and Λb(5920)π
channels.
FIG. 3: The diagram to illustrate the D-wave Σb baryon decaying
into a P-wave Λb baryon and a π meson. Subsequently, the P-wave
Λb baryon decays into the ground Λb baryon and two π mesons.
Here we would like to stress the particularity of Λb(5912)π
and Λb(5920)π channels to search the D-wave |5/2+〉3 and
|7/2+〉3 Σb states. Since the Λb(5912) and Λb(5920) are below
the threshold of Σb(5815)π, they can only decay through the
three-body decay channel, i.e., Λbππ. As illustrated in Fig. 3,
the Λb(5912) and Λb(5920) states with long lifetimes can fly
far away from the decay vertex of the D-wave |5/2+〉3 and
|7/2+〉3 Σb states. This kind of process is very helpful for the
LHCb detector to distinguish two pions which are produced
from the P-wave Λ0
b
state and the third pion from the initial
D-wave Σb state.
C. 1D Ξ′
b
baryons
Up to now, only the 1S Ξ′
b
baryons,Ξ′
b
(5935) andΞ∗
b
(5955),
have been established by experiments [1]. The masses and
decaywidths of 1P and 2S Ξ′
b
baryonswere given in Ref. [18].
As shown in Table V, the six 1D Ξ′
b
baryons are expected
to appear in the region 6.40−6.50 GeV. Many decay channels
are allowed for these excited Ξ′
b
baryons (see Table VII). The
|5/2+〉3 and |7/2+〉3 states among the six D-wave Ξ′b baryons
may have narrower decay widths while the other four states
seem to be broad. This prediction is similar to the D-wave Σb
baryons.
According to the results in Table VII, it is promising for ex-
perimentalists to find the |5/2+〉3 and |7/2+〉3 Ξ′b states in the
Λb(5620) K channel. We also notice that the decay modes of
BΛ and B∗Λmaymake a significant contribution to the decays
of |1/2+〉1, |3/2+〉1, |3/2+〉2, and |5/2+〉2 Ξ′b states. Experimen-
talists could try to search for these four broad Ξ′
b
states in the
BΛ and B∗Λ channels.
D. 1D Ωb baryons
So far, only theΩb(6046)
− state in the bss baryon sector has
been established [1]. However, there are reasons to believe
6TABLE VI: The predicted partial and total widths of D-wave Σb baryons (in MeV). The superscript letters s, p, · · · , and h mean that the
corresponding decays occur via s-, p-, · · · , and h-waves, respectively. If the partial width is predicted to be smaller than 0.01 MeV, it is
denoted as “0.00.” If a decay channel is forbidden, it is denoted by “×.” If the mass of an initial state is below the threshold of a decay channel,
the partial width is denoted by “−.” The masses of 1P and 2S Σb baryons are borrowed from our previous work [19].
Final states Σb(6400) Σb(6402) Σb(6358) Σb(6359) Σb(6291) Σb(6292)
Λb(5620) π 1.89
p 1.88p × × 7.14 f 7.13 f
Ξb(5795) K 2.16
p 2.16p × × 0.00 f 0.00 f
Σb(5815) π 0.27
p 0.06p 1.47p 2.05 f 1.64 f 0.93 f
Σ∗
b
(5835) π 0.17p 0.41p 0.37p, 3.96 f 2.17p, 1.77 f 2.08 f 2.83 f
Λb(5912) π 12.35
s 1.49d 10.63d 4.73d 8.72d 3.17g
Λb(5920) π 2.18
d 12.58s , 1.17d 10.53d 16.41d 2.51d , 4.62g 11.27d , 1.95g
Σb(6150) π × × 0.39d 0.40d × ×
Σb(6134) π 13.91
s 1.62d 1.74d 0.79d 0.01d 0.00g
Σb(6139) π 2.74
d 14.93s , 1.43d 1.50d 2.39d 0.00d, g 0.01d , 0.00g
Σb(6094) π 8.45
d 4.30d 26.41s , 1.16d 0.34d , 0.15g 1.18d , 0.00g 0.15d , 0.00g
Σb(6098) π 5.36
d 9.67d 0.47d , 0.18g 27.80s , 1.26d , 0.06g 0.24d , 0.00g 1.15d , 0.00g
Λb(6086) π 13.05
p 13.30p × × 0.06 f 0.07 f
Λb(6146) π 15.88
p 1.57p, 0.04 f 11.00p, 0.14 f 0.83p, 0.14 f 0.00p, f 0.00p, f
Λb(6152) π 0.06
f 14.49p, 0.03 f 1.08p, 0.14 f 1.10p, 0.15 f − 0.00p, f , h
B N 2.13p 0.12p, 8.09p 11.63 f 0.20 f 7.50 f
B∗ N 7.76p 20.81p 13.74p, 14.54 f 36.11p, 8.66 f 1.12 f 0.73 f
Total width 88.36 102.06 107.54 118.94 29.52 36.89
that the situation could be changed in the near future. The
widths of the 2S and 1P Ωb states which were predicted in
Ref. [19] imply that these excitedΩb states are usually narrow.
This feature can help experimentalists distinguish the signals
of these low-lying bss baryons from the background.
With the same method and parameters as before, we also
calculate the masses and decays of six D-wave Ωb states. The
results are presented in Tables V and VIII, respectively. It is
interesting to note that the D-wave excitedΩb baryons are also
expected to be narrow. Experimentalists may try to search
for the |1/2+〉1, |3/2+〉1, |3/2+〉2, and |5/2+〉2 Ωb baryons in
the Ξ′
b
(5935)K and Ξ∗
b
(5955)K channels. For the |5/2+〉3 and
|7/2+〉3 Ωb states, experiments may detect them around the
6.54 GeV in the Ξb(5795)K channel.
V. DISCUSSIONS AND CONCLUSIONS
There is not doubt that the LHCb Collaboration has played
an important role in the research of the excited bottom baryons
over the past years. Last year, two candidates for the P-wave
bottom baryons, i.e., Ξb(6227)
− [10] andΣb(6097)± [11], were
discovered by the LHCb. In particular, the Ξb(6227)
− was the
first excited bottom baryon which was identified by the OZI-
allowed decay modes. So the observation of Ξb(6227)
− could
be be treated as a starting point for constructing the highly
excited bottom baryon spectroscopy [18].
Just as expected, the LHCb Collaboration recently made
a breakthrough in the research of the higher excited Λ0
b
states [12]. Two almost degenerate narrow states, the
Λb(6146)
0 andΛb(6152)
0, were observed in theΛ0
b
π+π− spec-
trum. By comparing the excited energies of Λb(6146)
0 and
Λb(6152)
0 to the correspondingΛ+c states, we have found that
they could be assigned as the 1D Λ0
b
states with JP = 3/2+
and JP = 5/2+, respectively.
The masses of the 1D Λ0
b
states predicted in Refs. [14, 19,
27] and the further investigation of the total decay widths
also support the 1D assignment of Λb(6146)
0 and Λb(6152)
0.
However, the Σb(5815)π is a main decay mode for the
Λb(6146)
0 state if it is a JP = 3/2+ state. This theoretical
result is in disagreement with the measurement since no sig-
nificant Λb(6146)
0 → Σ±
b
π∓ signals were observed at LHCb.
Obviously, more experimental and theoretical efforts are de-
sirable for the Λb(6146)
0 and Λb(6152)
0 in the future.
With the upcoming LHCb Upgrade I [20], more excited
bottom baryons will be discovered. In this work, we have also
predicted the mass spectra and strong decay widths of other
unseen 1D excited bottom baryons. The following clues are
suggested for searching for these unknown bottom baryons.
(1) We suggest to search for the |5/2+〉3 and |7/2+〉3 Σb
baryons in the Λb(5620) π, Λb(5912) π, and Λb(5920) π
channels.
(2) We suggest to search for the |5/2+〉3 and |7/2+〉3 Ξ′b
baryons in the Λb(5620) K channel.
(3) Due to the very narrow decay widths and the simple decay
modes, the D-wave Ξb and Ωb baryons are the potential
states which could be found by experiments in the future.
7TABLE VII: The predicted partial and total widths of D-wave Ξ′
b
baryons (in MeV). The superscript letters s, p, · · · , and h mean that the
corresponding decays occur via s-, p-, · · · , and h-waves, respectively. If the partial width is predicted to be smaller than 0.01 MeV, it is
denoted as “0.00.” If a decay channel is forbidden, it is denoted by “×.” If the mass of an initial state is below the threshold of a decay channel,
the partial width is denoted by “−.” The masses of 1P, 2S , and 1D Ξ(′)
b
baryons are borrowed from our previous work [18].
Final states Ξ′
b
(6486) Ξ′
b
(6488) Ξ′
b
(6456) Ξ′
b
(6457) Ξ′
b
(6407) Ξ′
b
(6408)
Λb(5620) K 1.21
p 1.23p × × 8.47 f 8.47 f
Σb(5815) K 4.87
p 1.18p 15.01p 2.38 f 0.93 f 0.54 f
Σ∗
b
(5835) K 3.06p 7.48p 3.54p, 3.39 f 21.17p, 1.52 f 0.70 f 0.96 f
Ξb(5795) π 0.32
p 0.32p × × 1.67 f 1.67 f
Ξ′
b
(5935) π 0.03p 0.01p 0.14p 0.26 f 0.23 f 0.13 f
Ξ∗
b
(5955) π 0.02p 0.05p 0.04p, 0.52 f 0.21p, 0.23 f 0.31 f 0.42 f
Λb(5912) K 0.79
s 1.11d 1.94d 0.87d − 0.00g
Λb(5920) K 2.24
d 1.75s , 1.13d 1.38d 1.39d − −
Ξb(6096) π 5.23
s 0.10d 3.59d 1.61d 5.53d 0.22g
Ξb(6102) π 0.27
d 4.88s , 0.13d 3.39d 5.32d 1.49d , 0.31g 6.76d , 0.13g
Ξ′
b
(6150) π × × 0.19d 0.20d × ×
Ξ′
b
(6134) π 3.10s 0.32d 0.36d 0.17d 0.02d 0.00g
Ξ′
b
(6139) π 0.53d 3.31s , 0.28d 0.31d 0.50d 0.00d, g 0.02d , 0.00g
Ξ′
b
(6094) π 1.09d 0.56d 6.04s , 0.10d 0.03d , 0.01g 0.33d , 0.00g 0.04d , 0.00g
Ξ′
b
(6098) π 0.69d 1.24d 0.04d , 0.01g 6.41s , 0.10d , 0.00g 0.07d , 0.00g 0.32d , 0.00g
Ξb(6225) π 0.88
p 0.94p × × 0.00 f 0.00 f
Ξb(6327) π 2.24
p 0.26p, 0.00 f − − − −
Ξb(6330) π 0.00
f 1.88p, 0.00 f − − − −
B Λ 20.46p 1.24p, 17.16p 1.49 f 0.00 f 0.03 f
B∗ Λ 17.13p 49.43p 5.51p, 0.07 f 15.60p, 0.05 f − −
Total width 64.16 78.83 62.73 59.52 20.06 19.71
TABLE VIII: The predicted widths of 1D Ωb baryons (in MeV).
1D Ωb states Ξb(5795)K Ξ
′
b
(5935)K Ξ∗
b
(5955)K Total
Ωb(6599) 0.10
p 0.65p 0.41p 1.16
Ωb(6602) 0.11
p 0.15p 0.99p 1.25
Ωb(6578) × 1.90p 0.45p, 0.53 f 2.88
Ωb(6580) × 0.41 f 2.68p, 0.24 f 3.33
Ωb(6542) 3.32
f 0.24 f 0.19 f 3.75
Ωb(6543) 3.33
f 0.14 f 0.26 f 3.73
Obviously, the heavy baryon family including the charm
and bottom baryons is being established step by step. This
interesting area of research deserves more attention from the-
orists and experimentalists.
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